The authors show that the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of Saccharomyces cerevisiae, previously thought to be restricted to the cell interior, is also present in the cell wall. GAPDH activity, proportional to cell number and time of incubation, was detected in intact wild-type yeast cells. Intact cells of yeast strains containing insertion mutations in each of the three structural TDH genes (tdh1, tdh2 and tdh3) and double mutants (tdh1 tdh2 and tdh1 tdh3) also displayed a cell-wall-associated GAPDH activity, in the range of parental wild-type cells, although with significant differences among strains. A cell wall location of GAPDH was further confirmed in wild-type and tdh mutants by indirect immunofluorescence and flow cytometry analysis with a polyclonal antibody against S. cerevisiae GAPDH. By immunoelectron microscopy, the GAPDH protein was detected at the outer surface of the cell wall of wild-type cells, as well as in the cytoplasm. Western immunoblot analysis of cell wall extracts and cytosol showed that Tdh2 and Tdh3 polypeptides are present in the cell wall, as well as in the cytosol, of exponentially growing cells. Tdh1 is only detected in stationary-phase cells, again in both cytosol and cell wall extracts. The results incorporate the GAPDH of S. cerevisiae, encoded by TDH1-3, into the newly emerging family of multifunctional cell-wall-associated GAPDHs which retain their catalytic activity.
INTRODUCTION
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been considered a classical cytosolic glycolytic protein ; however, recent evidence demonstrates that mammalian GAPDH displays diverse activities that are unrelated to glycolysis in different subcellular locations (Sirover, 1997 (Sirover, , 1999 . In some microbial species, including bacteria and yeast, and in the pathogenic helminth Schistosoma mansoni, GAPDH has been found on the cell surface, where it may have differing roles. Abbreviations : G3-P, glyceraldehyde 3-phosphate ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase ; IIF, indirect immunofluorescence ; βME, β-mercaptoethanol; pAb anti-SC-GAPDH, polyclonal antibody against S. cerevisiae GAPDH.
The surface GAPDH of Schis. mansoni has been associated with human resistance to schistosomiasis (Charrier-Ferrara et al., 1992 ; Goudot-Crozel et al., 1989) . In group A streptococci and in Staphylococcus aureus a cell-surface GAPDH is involved in the interaction with host cells and ligands (Modun & Williams, 1999 ; Pancholi & Fischetti, 1992 , 1993 , 1997 Winram & Lottenberg, 1996 , 1998 . Also eukaryotic micro-organisms contain a cell-wall-associated GAPDH ; in Kluyveromyces marxianus cellular flocculation depends on the expression of a cell-surface GAPDH (Falcao Moreira et al., 1998 ; Fernandes et al., 1992) . We have previously demonstrated that an immunogenic cell-wall-associated GAPDH is found at the cell surface of Candida albicans in an active form (GilNavarro et al., 1997) . Clinical strains of C. albicans express this surface antigen both in vitro and in infected tissues and, since C. albicans GAPDH is also a fibronectin-and laminin-binding protein, the surface GAPDH could participate in the adhesion of fungal cells to host tissues, thus playing a role in virulence (Gozalbo et al., 1998 ; Villamo! n et al., 1999) . As most C. albicans genes are functional when expressed in Saccharomyces cerevisiae, we thought it would be interesting to express the cloned C. albicans TDH1 gene, encoding GAPDH (Gil-Navarro et al., 1997) , in S. cerevisiae cells, to determine whether the gene product is directed to the yeast cell wall in an active form. Unexpectedly, we found that untransformed wild-type intact cells of S. cerevisiae possess GAPDH activity. This observation prompted us to determine whether the S. cerevisiae GAPDH is also a cell wall protein.
Three unlinked GAPDH structural genes (TDH1-3) are present per haploid S. cerevisiae genome ; they encode closely related, but not identical, polypeptides (McAlister & Holland, 1985a, b) . None of the structural genes is individually essential for cell viability ; however, the presence of a functional TDH2 or TDH3 structural gene is required for cell viability. The three single mutants tdh1, tdh2 and tdh3, as well as the tdh1 tdh2 and tdh1 tdh3 double mutants, can grow using glucose as carbon source, albeit at lower rates (except the tdh1 mutant) than wild-type cells. No growth phenotype has been described for strains lacking only TDH1, and double mutant tdh2 tdh3 appears not to be viable, indicating that the TDH1 gene product cannot support growth and may carry out a function that is different from glycolysis (McAlister & Holland, 1985a, b) . Synthesis of Tdh polypeptides is not coordinately regulated ; Tdh1 is only synthesized when cells enter stationary phase or in heat-shocked cells, whereas synthesis of Tdh2 is repressed by heat shock (Boucherie et al., 1995) . In the present study, using wild-type strains and single and double tdh mutants, we found that each of the three GAPDH polypeptides encoded by the TDH1-3 genes is associated with the cell wall of S. cerevisiae. This enlarges the new emerging family of multifunctional cell-wall-associated GAPDHs which retain their catalytic activity.
METHODS
Strains used and culture conditions. Two parental (wild-type) isogenic S. cerevisiae strains were used : S173-6B and S173-29A ; strains LM1, LM5 and LM17, containing insertion mutations in single GAPDH genes (tdh1, tdh2 and tdh3, respectively), and double mutants LM7 and LM28 (tdh1 tdh2 and tdh1 tdh3, respectively), constructed by McAlister & Holland (1985a) , were also used. Yeast strains were grown at 28 mC in YPD medium (1 % yeast extract, 2 % peptone, 2 % glucose) to the exponential growth phase or to stationary phase.
Generation of polyclonal antibodies against S. cerevisiae

GAPDH (pAb anti-SC-GAPDH).
Female New Zealand White rabbits were immunized with GAPDH from S. cerevisiae (Sigma) according to standard protocols (Harlow & Lane, 1988) . Levels of anti-SC-GAPDH antibodies in sera were determined by ELISA. Determination of GAPDH activity. The assay for GAPDH activity was carried out according to the method originally described by Ferdinand (1964) , with some modifications. An assay for intact whole cells, previously used in C. albicans (Gil-Navarro et al., 1997) , was performed to determine the presence of an active GAPDH enzyme at the cell wall of S. cerevisiae cells. Triplicate samples of different amounts of exponentially growing cells were incubated with and without glyceraldehyde 3-phosphate (G3-P) (7 µl of a solution containing 49 mg substrate ml − " ; Sigma) in the presence of NAD (100 µl of a 10 mM solution ; Boehringer Mannheim) in assay buffer (40 mM triethanolamine, 50 mM Na # HPO % , 5 mM EDTA, 0n1 mM dithiothreitol ; pH 8n6) to a final volume of 1 ml. After incubation of the reaction mixtures at 28 mC, cells were removed by centrifugation and the supernatants were analysed for the presence of NADH by recording the absorbance at 340 nm. Background absorbance measured in negative controls (without substrate) were subtracted from positive absorbance values. Activity is expressed as the concentration (µM) of NADH generated during the assay. The cytosolic activity was determined in 50 µl cytosol sample, and the NADH produced was measured after 10 min of incubation. Specific activity is expressed as nmol NADH min − " mg − ". Enzyme activities were also determined (as indicated in Results) on cells pretreated with trypsin (250 µg ml − ") for 30 min at 37 mC, prior to the enzyme assay, and on cells preincubated with pAb anti-SC-GAPDH (1 : 10 dilution), for 30 min at 37 mC.
Indirect immunofluorescence (IIF) and flow cytometry analysis. Cells from exponentially growing cultures were washed twice with phosphate-buffered saline (PBS), and resuspended at 5i10' cells in 50 µl pAb anti-SC-GAPDH, diluted 1 : 10 in PBS. After 1 h at 37 mC, cells were washed with PBS and incubated under the same conditions in FITC-conjugated goat anti-rabbit IgG (Pierce, 1 : 20 dilution) in PBS. After washing with PBS, cells were examined for epifluorescence with a Nikon Eclipse E800 microscope. In flow cytometry analysis, after the immunofluorescence assay, cells were fixed in 1 % paraformaldehyde in PBS, and analysed on an EPICS Elite Cell Sorter (Coulter Electronics), as previously described (Pen4 alver et al., 1996) . Control experiments were performed by omitting incubation of cells with the pAb anti-SC-GAPDH. Immunoelectron microscopy. Immunoelectron microscopy detection of GAPDH protein in S. cerevisiae S173-29A wildtype cells with the pAb anti-SC-GAPDH was performed by the postembedding method, as previously described (Gozalbo et al., 1998) . Preparation of cell extracts. Protein and glycoprotein components of the walls were released from intact cells by treatment with β-mercaptoethanol (βME) as previously described (Casanova & Chaffin, 1991) , with minor modifications. Briefly, cells were collected and resuspended in sterile distilled water containing 1 % (v\v) βME, and incubated for 30 min at 37 mC with shaking. After treatment, the cells were sedimented, and the supernatant fluid was recovered, filtered, and concentrated by freeze-drying (βME extract). The βME-extracted cells were washed with ice-cold PBS, and broken by vortexing with glass beads. After addition of cold PBS, unbroken cells and particulate matter were removed from the supernatant (cytosol) by centrifugation. Western immunoblotting. Proteins were separated by SDS-PAGE (Laemmli, 1970) and electrophoretically transferred to PVDF membranes, using a Trans-Blot cell (Bio-Rad), ac-cording to the manufacturer's instructions. Immunodetection was performed using the pAb anti-SC-GAPDH diluted 1 : 2000, and peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad, diluted 1 : 2000) ; the reactive bands were developed with hydrogen peroxide and 4-chloro-1-naphthol as the chromogenic reagent (Gil-Navarro et al., 1997) .
RESULTS
Detection of GAPDH activity in intact cells of S. cerevisiae wild-type and tdh mutants
We searched for the presence of an active cell-wallassociated form of GAPDH in S. cerevisiae cells. Enzymic studies were first carried out with intact cells of parental wild-type strains S173-6B and S173-29A, since the cell-wall-associated GAPDH should catalyse the conversion of G3-P to 1,3-diphosphoglycerate in the presence of inorganic phosphate and NAD, as described in other microbial species (Gil-Navarro et al., 1997 ; Modun & Williams, 1999 ; Pancholi & Fischetti, 1992) . The results revealed GAPDH activity associated with cells of both strains ; the activity increased proportionally to cell number, and to the time of enzymic reaction (not shown). Cells from strain S173-29A were two-to threefold more enzymically active than those from strain S173-6B (Fig. 1) , although the cytosolic specific activity was similar in both strains (30 and 36 nmol min −" mg −" , respectively ; not shown). The intact cells did not catalyse the formation of NADH in the absence of the substrate (G3-P). The enzymic activity of intact cells was partially inhibited by pAb anti-SC-GAPDH (up to 30 %), and by trypsin treatment (20-30 %) (not shown Fig. 1 . GAPDH activity in S. cerevisiae wild-type (S173-6B and S173-29A) and tdh mutant cells. Activity was measured in exponentially growing cells collected from 2 ml of cultures, and it is expressed as the ratio of concentration (µM) of NADH formed during the assay (20 min) and the OD 600 ; data represent triplicate determinations and are expressed as meanspstandard deviations (error bars are not visible on all columns).
active GAPDH is associated with the cell wall, partly located at the cell surface, although the activity levels are strain dependent.
To determine whether this cell-wall-associated activity corresponded to one or more TDH gene products, we measured the activity of intact cells of yeast strains containing insertion mutations in each of the three GAPDH structural genes (tdh1, tdh2 and tdh3) as well as in double mutant (tdh1 tdh2 and tdh1 tdh3) strains.
The results (Fig. 1) showed that all the mutant strains possessed cell-wall-associated GAPDH activity, in the range of parental wild-type cells, with significant differences among mutants. Cells expressing both TDH2 and TDH3 (tdh1 mutant) had less activity than cells expressing both TDH1 and TDH3 (tdh2 mutant), TDH1 and TDH2 (tdh3 mutant), and double mutants expressing either TDH2 or TDH3. The cytosolic specific activity of the mutants did not correlate with the levels of cell-wall-associated activity : tdh1, tdh2 single mutants and the tdh1 tdh2 double mutant had similar activity (30, 28 and 36 nmol min −" mg −" , respectively) to parental wild-type cells, whereas cells lacking TDH3 had less activity (20 nmol min −" mg −" in the tdh3 single mutant, and 11 nmol min −" mg −" in the tdh1 tdh3 double mutant). However, tdh2 mutants (tdh2 and tdh1 tdh2) grew more slowly in the presence of glucose than did tdh3 single and double mutants (doubling time 3n8 h and 3n3 h respectively) ; these results agree with previous observations indicating that TDH2 and TH3 may not encode functionally equivalent polypeptides (McAlister & Holland, 1985a, b) . These results indicate that at least the polypeptides encoded by TDH2 and TDH3 are associated with the cell wall in an active form, whereas no conclusion can be deduced regarding TDH1 due to the lack of a tdh2 tdh3 double mutant.
Immunodetection of GAPDH protein at the surface of S. cerevisiae cells pAb anti-SC-GAPDH was used in an IIF assay to assess the presence of the protein on the surface of intact cells. Fluorescence was detected in most of the cells from both parental wild-type strains and all five tdh mutants by microscopic observation (Fig. 2) and flow cytometry analysis (not shown), indicating that GAPDH polypeptides are exposed on their surface. Labelling intensity was heterogeneously distributed among the cell population, and showed a patchy binding distribution, as previously described in C. albicans blastoconidial cells (Gil-Navarro et al., 1997 ; Gozalbo et al., 1998) . Fluorescence was not observed when the cells were reacted with the second FITC-labelled marker antibody alone, indicating that the reactivity found was dependent on the previous interaction of the specific antibody (pAb anti-SC-GAPDH) with cells. This confirms the presence of Tdh2 and Tdh3 at the yeast cell surface.
In addition, we examined parental yeast cells (S173-29A) by immunoelectron microscopy with the pAb anti-SC-GAPDH, to show ultrastructural evidence of the cell wall location of the GAPDH protein (Fig. 3) . Gold particles were distributed over the outermost layer of the cell wall, and extending to a minor extent through the cell wall. The particles were also found distributed throughout the cytoplasm as expected. Control samples not exposed to pAb anti-SC-GAPDH prior to incubation with the gold-conjugated antibody were free of label (not shown).
Solubilization of cell-wall-associated GAPDH polypeptides from intact cells of S. cerevisiae
To confirm the cell wall location of the GAPDH protein, we searched for the presence of GAPDH in βME extracts obtained from intact S. cerevisiae cells. It is well established that these extracts contain bona fide cellsurface molecules (Chaffin et al., 1998 ; Lo! pez-Ribot & 
Fig. 4. Immunodetection of Tdh polypeptides by Western immunoblot analysis with the pAb anti-SC-GAPDH. (a)
Reactivity of the antibody with the protein present in the βME extracts obtained from exponentially growing wild-type S173-6B (lane 1) and S173-29A (lane 2) strains, and tdh1, tdh2, tdh3 single mutants (lanes 3, 4 and 5, respectively), and tdh1 tdh2 and tdh1 tdh3 double mutants (lanes 6 and 7, respectively) ; lanes 1-7 each contain 3 µg protein extract, and lane 8 contains 0n5 µg GAPDH from S. cerevisiae (Sigma). (b) Reactivity of the antibody to cytosol samples from exponentially growing wild-type (S173-6B and S173-29A), and tdh1, tdh2, tdh3, tdh1 tdh2, and tdh1 tdh3 mutant cells (lanes 1-7 respectively) ; each lane contains 6 µg cytosolic protein.
(c) Reactivity of the antibody to cytosol (lanes 1 and 3 ; 6 µg protein) and βME extracts (lanes 2 and 4 ; 3 µg protein) from stationary-phase cells of the tdh3 mutant (lanes 1 and 2) and the tdh1 tdh3 double mutant (lanes 3 and 4). Chaffin, 1996) , and this treatment has been used previously to solubilize the cell-wall-associated GAPDH from C. albicans Gil-Navarro et al., 1997) .
The βME extracts from exponentially growing cells were analysed by SDS-PAGE and Western blotting using the pAb anti-SC-GAPDH as a probe. The antibody reacted with the control protein (GAPDH from S. cerevisiae, Sigma) and immunodetected a polypeptide(s) with the same apparent molecular mass as the control protein (36 kDa) (Fig. 4a) . The presence of soluble GAPDH from S. cerevisiae (1 mg ml −" , Sigma) in the pAb preparation used to develop the Western blot inhibited immunodetection of the 36 kDa polypeptide, which further supports the specificity of the reaction. In cells expressing one TDH gene (tdh1 tdh2 and tdh1 tdh3 double mutants) only a single polypeptide was detected, corresponding to Tdh3 and Tdh2, respectively ; Tdh2 migrated slightly faster than Tdh3. This was confirmed by the detection of two polypeptides in tdh1 mutant cells. In parental strains these two polypeptides were also detected, and in tdh2 and tdh3 single mutants only one polypeptide was detected. These data show that Tdh1 is not present in these extracts. This pattern of reactive polypeptides was also found when the immunoblotting was performed with cytosol samples (Fig. 4b) , thus indicating that Tdh2 and Tdh3 cytosolic polypeptides are also present in the cell wall, whereas Tdh1 is not detected. In agreement with previous reports, the Tdh3 polypeptide represents the major Tdh polypeptide in exponentially growing cells, whereas Tdh1 is not found, as it is synthesized only as cells enter stationary phase (Boucherie et al., 1995 ; McAlister & Holland, 1985b) .
In order to determine whether Tdh1 is also a cell-wallassociated polypeptide, we performed the immunodetection by Western blotting using βME extracts and cytosol from stationary-phase cells. Two polypeptide bands were immunodetected in the βME extract from the tdh3 mutant, one corresponding to Tdh2 (also detected in βME extract from exponentially growing cells) and a second one, with a slightly lower apparent molecular mass, probably corresponding to Tdh1 (Fig.  4c) ; both polypeptides were also detected in cytosol from tdh3 stationary-phase cells (Fig. 4c) . When samples from tdh1 tdh3 double mutant cells in stationary phase were analysed, only a single reactive band, corresponding to Tdh2 polypeptide, was detected in both cytosol and βME extract (Fig. 4c) . This demonstrates that the second polypeptide found in the cell wall in tdh3 stationary-phase cells is encoded by the TDH1 gene, and does not originate from differential processing of the TDH2-encoded polypeptide. Tdh1 polypeptide was not detected in stationary-phase tdh2 mutant cells (data not shown). In this case the pattern of reactive bands was identical to that found in exponentially growing cells (Fig. 4a, 4b ), suggesting that TDH1 is not expressed in tdh2 mutant cells, even in stationary phase. We conclude that the TDH1 gene, when expressed in stationaryphase cells, directs the synthesis of a polypeptide that is also located at the cell wall.
DISCUSSION
The presence of GAPDH at the microbial cell wall has been described in various prokaryotes and eukaryotes (see Introduction). Various lines of evidence indicate that GAPDH is also an autochthonous cell-wallassociated protein in S. cerevisiae. First, whole cells of S. cerevisiae possess a GAPDH activity proportional to the number of cells present, indicating the presence of active protein outside the plasma membrane. Second, a pAb anti-SC-GAPDH, which specifically recognizes by West-ern immunoblotting the GAPDH protein in cytosol samples, was able to label the cell surface of yeast in IIF experiments, and in addition, inhibited the detection of GAPDH activity in intact cells (up to 30 %). This indicates that GAPDH is partly located at the cell surface. Immunoelectron microscopy confirmed the presence of GAPDH at the cell surface. Third, the cell wall GAPDH has been solubilized from intact cells by βME treatment, a method which releases autochthonous yeast cell wall molecules without significant intracellular contamination (Chaffin et al., 1998 ; Lo! pez-Ribot & Chaffin, 1996) .
Regenerating protoplasts of S. cerevisiae have been described to secrete three glycolytic proteins : enolase (Eno2), fructose biphosphate aldolase (Fba1) and GAPDH (Tdh2-3) (Pardo et al., 1999) . A genetic approach has been used to demonstrate that Eno2 and Fba1, although lacking a conventional N-terminal signal sequence, are able to be secreted into the periplasmic space (Pardo et al., 1999) . Furthermore, heterologous overexpression in S. cerevisiae of the Kluyveromyces marxianus GAP1 gene, encoding a GAPDH protein, results in the accumulation of GAPDH in the cell wall of yeast cells and confers a flocculent phenotype (Falcao Moreira et al., 2000) , providing additional evidence of the ability of S. cerevisiae to target GAPDH protein, lacking N-terminal signal peptide, to the cell wall. The presence of members of the Hsp70 family (Ssa1 and Ssa2) in the cell wall of S. cerevisiae has been described (Lo! pez-Ribot & Chaffin, 1996) , in addition to its well known cytosolic location ; also members of the Hsp70 family (Ssa1, Ssa2, as well as Ssb1 and Ssb2) are secreted by regenerating protoplasts of S. cerevisiae (Pardo et al., 1999) . Interestingly, some cytosolic proteins such as enolase, members of the Hsp70 family, and phosphoglycerate kinase, have been described to be bona fide components of the C. albicans cell wall (Alloush et al., 1997 ; Angiolella et al., 1996 ; Chaffin et al., 1998 ; Lo! pezRibot et al., 1996 ; . Hence, the presence of cytosolic proteins, including glycolytic enzymes, as autochthonous microbial cell wall components, appears to be a more general phenomenon than was previously imagined (Alloush et al., 1997 ; Angiolella et al., 1996 ; Chaffin et al., 1998 ; Fernandes et al., 1992 ; Gil-Navarro et al., 1997 ; Lo! pez-Ribot et al., 1996 ; Lo! pez-Ribot & Chaffin, 1996 ; Modun & Williams, 1999 ; Pancholi & Fischetti, 1992 , 1998 Winram & Lottenberg, 1996) . All these observations favour the idea of the involvement of a nonconventional secretion mechanism for these cell-wall-associated proteins. However, the alternative possibility that they originate, at least in part, by cell leakage and release of cytosolic proteins from a small amount of damaged cells cannot be discarded, particularly in the case of Tdh polypeptides, which are abundant proteins that at acidic pH may bind to negatively charged molecules at the yeast cell surface.
As S. cerevisiae GAPDH is encoded by three structural genes (TDH1-3), we wondered whether the cell-wallassociated protein corresponded to one or more gene products. We therefore searched for the presence of cellwall-associated GAPDH in single tdh mutant cells and double (tdh1 tdh2 and tdh1 tdh3) mutants. Overall our results indicate that all three polypeptides encoded by TDH1-3 are associated with the cell wall. Tdh2 and Tdh3 are found at the cell surface of exponentially growing cells, as well as in the cytosol. The TDH1 gene, when expressed in stationary-phase cells, directs the synthesis of a GAPDH polypeptide that is located both in the cytosol and in the cell wall.
The absence of correlation between cytosolic activity and cell-wall-associated activity in tdh mutants may reflect that : (i) different TDH genes may possess distinct ability to direct the protein to the cell wall, (ii) the catalytic activity of individual isozymes may vary between the cytosol and the cell wall due to possible modification of polypeptides during their association with the cell wall, (iii) activity may depend on the assembly of the cell wall polypeptides into active GAPDH, a process which may differ from that of the cytosol.
Our results incorporate the GAPDH of S. cerevisiae into the newly emerging family of multifunctional cell-wallassociated GAPDHs which retain their catalytic activity, although the precise role of the cell-wall-associated GAPDH in S. cerevisiae physiology remains to be determined.
